The structural, electronic and magnetic properties of pristine, defective and oxidized monolayer TiS 3 are investigated using first-principles calculations in the framework of density functional theory. We found that a single layer of TiS 3 is a direct band gap semiconductor and the bonding nature of the crystal is fundamentally different from other transition metal chalcogenides. The 
I. INTRODUCTION
The wide range of different structural forms and the tunability of their electronic properties, has made two-dimensional ultra-thin materials popular in the field of condensed matter physics. In the last decade, following the synthesis of graphene, 1,2 layered crystals of transition metal dichalcogenides (TMDs) have attracted tremendous interest owing to their remarkable electronic, mechanical and optical properties. [3] [4] [5] Depending on the combination of metal and chalcogen atoms, TMDs may display metallic, semimetallic, semiconducting and even superconducting behavior. [6] [7] [8] [9] [10] [11] Various experimental methods to thin down TMDs to monolayers [12] [13] [14] and a number of theoretical studies revealing the possibility of tuning their properties have already been reported. [15] [16] [17] [18] In addition to TMDs (MoX 2 X= S, Se, Te)
having graphene-like crystal structure, recent efforts have also led to the synthesis of novel TMDs with entirely different crystal structures. Titanium trisulphide (TiS 3 ) is one of the most recent examples of such layered transition metal chalcogenides.
The atomic structure belongs to the space group P2 1 /m and TiS 3 crystallizes in bundles of molecular chains that are formed by trigonal prisms, where the metal atoms occupy the centers of the prisms. 19, 20 Finkman et al. 21 have shown that TiS 3 crystals are semiconducting with extrinsic n-type conductivity that have room temperature mobility of 30 cm 2 /(V sec).
Recently, strong nonlinearity of the current−voltage characteristics has been reported by Gorlava et al. 22, 23 In contrast to many other layered TMDs which exhibit an indirect to direct band gap transition at the monolayer limit, TiS 3 exhibits a direct band gap even for a width of hundreds of layers. Direct optical transitions with a band gap of 1.10 eV have been detected in thin films of TiS 3 . 24 Moreover, these thin films show photocurrent response to white light illumination.
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Using high-resolution TEM for defective crystals, a metal-to-insulator transition with charge localization below T M I ≈ 325 K has been proposed by Guilmeau et al. 26 Their studies revealed that TiS 3 has low thermal conductivity and a large absolute value of the Seebeck coefficient at high temperatures. In a recent study by Island et al. 27 field effect transistors (NR-FET) have been fabricated at room temperature by isolating few-layer TiS 3
nanoribbons. The electron mobility of few-layer TiS 3 was found to be 2.6 cm 2 /(V sec), and exhibits n-type semiconductor behavior with ultrahigh photoresponse and fast switching times. Furthermore, Island et al. 28 have isolated single-layer TiS 3 by mechanical exfoliation. 
II. COMPUTATIONAL METHODOLOGY
All the calculations were performed within the spin-polarized density functional theory (DFT) using projector-augmented-wave potentials (PAW) and a plane-wave basis set as implemented in the Vienna ab initio simulation package (VASP). 35, 36 The cutoff energy for the plane-waves was chosen to be 500 eV. Perdew-Burke-Ernzerhofs (PBE) version of generalized gradient approximation (GGA) 37 was used for the description of the exchange correlation functional. For a better approximation of bandgap values, underestimated by PBE functional, the HSE06 functional was also used. 38 In the HSE06 approach, the fraction of the Hartree-Fock exchange and the screening parameter were set to α = 0.25 and 0.2Å −1 , respectively.
Spin-polarized calculations were performed in all cases and atomic charges were calculated using the Bader charge population analysis. 39 The Gaussian smearing method was employed for total energy calculations with a width of 0.01 eV. Density functional theory plus the long-range dispersion correction (DFT+D2) method was used to calculate the non-local correlation energies. 40 C 6 values of Ti and S atoms were 10.800 and 5.570, respectively.
1.562 and 1.683 were used as the vdW radius of Ti and S atoms, respectively. order to hinder interlayer interaction within the periodic images, a vacuum spacing of 16
A between adjacent layers was chosen. The lateral distance between vacancies (adsorbed atoms) was at least 10Å in order to eliminate the interaction between vacancies (adsorbed atoms) in neighboring supercells. For the unitcell of TiS 3 , 19 × 19 × 1 k-point mesh was used in PBE calculations, whereas due to high computational cost, the k-point mesh was reduced to 5 × 5 × 1 in HSE calculations. For the supercell calculations, the same k-point mesh of 3 × 3 × 1 was used for both PBE and HSE. The vacancies were obtained by removing the considered atoms from a 3 × 3 supercell which consist of 18 Ti atoms and 54 S atoms.
The calculated formation energies of the vacancies was obtained from and O 3 were calculated for the most favorable adsorption sites. These binding energies were calculated from the expression Color code of atoms is the same as in Fig. 1 . Electron density increases from green to red.
Calculated band diagrams of pristine TiS 3 using PBE and HSE06 methods are shown in (CB) at the Γ and the B high-symmetry points are shown in Fig. 1(d) . It is seen that the VB is composed of 2p x orbitals of S and 3d xz orbitals of Ti and they form a strong bond, whereas the main contribution to the CB edge comes from 3d y 2 −z 2 orbitals of Ti atom at the Γ point. At the B point, p y orbitals of S atoms dominant while 3d xy orbitals of Ti atom contribute slightly to the VB. In particular, p orbitals of surface S atoms are larger than p orbitals of the inner S atoms. Thus, the main contribution to the VB is dominated by p y orbitals of the surface S atoms. Like at the Γ point, while the S atoms do not contribute significantly, all the contribution comes from the 3d y 2 −z 2 orbitals of the Ti atom to the CB.
In the trigonal prisms every Ti atom shares 4 valence electrons with 3 base S atoms and 1 neighboring chain S atom. Due to the lack of any unsaturated orbitals, monolayer TiS 3 has a nonmagnetic ground state. 
A. S-vacancy
The first defective structure we consider is a single S vacancy in TiS 3 monolayer. To compare the geometric structure of monolayer TiS 3 in the presence and absence of a vacancy, a 3 × 3 supercell is considered and the lattice vectors for the defect-free TiS 3 computational supercell are found as a 1 = 14.98Å and a 2 = 10.18Å. Fully relaxed geometric structure when a single S atom is removed from the surface of monolayer TiS 3 is shown in Fig. 3(a) .
When S vacancy is introduced the lattice vectors of 3 × 3 supercell change and become a 1 = 14.90Å and a 2 = 10.17Å. Thus, the presence of the S vacancy leads to a minute shrinkage of the lattice vectors of TiS 3 . As can be seen from Fig. 3(a) , the nearest surface S atom to the vacancy follows the direction of the arrow, localizes on top of the inner S atom (light green) and forms reconstructed bonds with the nearest Ti atoms with a bond length of 2.32Å. Bader charge analysis tells us that, the total charge of this atom is increased by 0.4 electrons when removing the nearest neighbor S atom. The charges of other atoms do not change significantly with the removal of the surface S atom. Our calculated results show that the formation energy of an S-vacancy is 3.58 eV.
To calculate the electronic properties of S-vacancy defected monolayer TiS 3 in addition to PBE, HSE06 method is also used and the results are listed in Table I . Moreover, the density of states (DOS) of pristine and S-atom-removed TiS 3 calculated by PBE method Table   I , removing one S atom from the surface of TiS 3 does not make any notable effect on the electronic structure of TiS 3 . The monolayer conserves its semiconductor character. Due to the reconstruction of the S atom and its binding with 2 Ti atoms, there are no unsaturated bonds. Thus, the nonmagnetic character of the TiS 3 is preserved during the formation of an S-vacancy.
B. Ti-vacancy
Relaxed geometric structure when a single Ti atom is extracted from TiS 3 is illustrated in Fig. 3(b) . A significant surface reconstruction is observed after geometric relaxation. This figure shows that, when one Ti atom is taken out, the displacement of the inner S atoms that were attached to it, is not significant, nevertheless they loose 0.1 electrons. However, the four surface S atoms are released, they move towards the other Ti atoms and they lose approximately 0.2 electrons. This gives rise to an expansion in the lattice parameter a 1 , which after relaxation becomes a 1 = 15.05Å and a 2 = 10.14Å. Hence, removal of Ti atom leads to an increase in a 1 , whereas a decrease in a 2 . The formation energy of Ti-vacancy is 12.00 eV. Defects with high formation energies are unlikely to form, and therefore an S-vacancy will have a much higher probability to form as compared to a Ti-vacancy.
Unlike S vacancy, Ti vacancy has a major effect on the electronic structure of TiS 3 , it loses its semiconductor character and becomes metallic. As shown in Fig 4(c) there is a slight spin polarization and the contribution from the S atom is more than that of the Ti atom. As given in Table I , TiS 3 monolayer with a Ti-vacancy exhibits a magnetic ground state and the calculated magnetic moment is 0.5 µ B /supercell.
C. Double S-vacancy
Possible two-atom-vacancy structures of TiS 3 are also investigated. First, the structure of double S atoms removed from the surface of TiS 3 is studied. 
D. TiS-vacancy
Lastly, we considered the defected structure of TiS 3 with a TiS-vacancy. Fig. 3(d) shows that in the presence of TiS-vacancy, the position of the closest surface S atom to the removed S atom is significantly changed. This atom follows the direction of the arrow and becomes located at the top of the inner S atom (light green) with charge 6.6 electrons. Other two surface S atoms move toward the vacancies and their charges reduce to 6.0 and 6.2 electrons.
The lattice parameters reduce to the values a 1 = 14.90Å and a 2 = 10.13Å. Compared to the other vacancy types its formation energy value is the highest with the value 16.15 eV. Fig. 4(e) . Like Ti and double S-vacancies, this vacancy type also leads to a metallic character. But, unlike the double S-vacancy, Fermi level consists of orbitals of S atom. As given in Table I , the magnetic moment of this case is 0.3 µ B /supercell. 
DOS diagram of TiS 3 with TiS-vacancy is illustrated in
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V. OXIDATION OF PRISTINE AND DEFECTIVE TiS 3
It is well-known that two-dimensional ultra-thin structures such as graphene, MoS 2 , phosphorene etc. are prone to oxidation. [41] [42] [43] Therefore, the search for structural and environmental stability of TiS 3 is of importance. After the investigation of possible defect types in monolayer TiS 3 , in this section we address the oxidation process and the role of vacancies in that process.
A. O atom adsorption on pristine and defective TiS 3
During experiments in highly oxidative conditions, the presence of Oxygen atom is inevitable and atomic O can be considered as a powerful tool to functionalize the surface of Like in the pristine case, the net magnetic moment of the whole system is zero.
We also investigate substitutional adsorption of O atom on the surface of single layer TiS 3 . The formation energy of the substitutional O atom at S site is calculated using the 
VI. CONCLUSION
In this paper, a detailed analyses of structural, electronic and magnetic properties of pristine, defective and oxidized structures of monolayer TiS 3 are presented by using first-13 principles calculations. In addition to the PBE version of GGA, the HSE06 form of hybrid functionals were also used to describe the exchange-correlation density functional. Electronic structure calculations using HSE06 hybrid functional indicated that monolayer TiS 3 is a direct bandgap semiconductor with a band gap of 1.05 eV. Our calculations also revealed interesting bonding nature of the monolayer TiS 3 crystal that has ionic character inside and covalent character for surface atoms. The negatively charged surface of the crystal may also find some interesting applications such as nanoscale lubricants and charged coatings. 
